sponse to low, non-freezing temperatures (Levitt 1972, Sakai and Larcher 1987) . During such a cold acclimation process, alterations in gene expression occur in a wide variety of plant species (Cattivelli and Bartels 1990 , Horvath et al. 1993 , Mohapatra et al. 1987 , Thomashow 1993 . In the cold acclimation process, ABA has been postulated to play a fundamental role in triggering changes in gene expression that result in increased freezing tolerance. In certain plants, endogenous levels of ABA increase transiently in response to low-temperature treatment , Guy and Haskell 1988 , Lalk and Dorffling 1985 , Holappa and WalkerSimmons 1995 . In addition, in axenically grown plants , Lang et al. 1989 ) and in cultured plant cells from several species Gusta 1983, Orr et al. 1986 ), exogenous application of ABA at normal growth temperatures increases the freezing tolerance to nearly the same extent as that achieved during cold acclimation. The induction of freezing tolerance in response to the exogenous application of ABA is closely associated with changes in both gene expression and protein synthesis (Mohapatra et al. 1988 , Reany et al. 1989 , Robertson et al. 1987 , Hajela et al. 1990 , Xin and Li 1993 . It has been shown that several cold-regulated genes from Arabidopsis (Hajela et al. 1990 ), wheat (Guo et al. 1992) , alfalfa (Luo et al. 1992 , Mohapatra et al. 1988 ) and barley (Sutton et al. 1992 ) are also responsive to ABA.
It is now well established that ABA is closely associated with the acquisition of desiccation tolerance of seeds or seedlings of numerous plant species (Ingram and Bartels 1996, Skriver and Mundy 1990) and with the embryogenesis of developing seed embryos Walker-Simmons 1990, Roberton and Chandler 1992) . In desiccation-tolerant seedlings or drying seeds, a number of proteins, especially late embryogenesis abundant (LEA) proteins, encoded by ABA-responsive genes are accumulated. LEA proteins are highly hydrophilic and have been proposed to be desiccation protectants (Close et al. 1989 , Dure et al. 1989 , Ried and Walker-Simmons 1993 .
Some of the proteins encoded by the cold-regulated genes are boiling-stable and highly hydrophilic, being characteristic of the LEA proteins. Robertson et al. (1994) reported that ABA-induced expression of dehydrin genes appeared to be closely linked to increased freezing tolerance in suspension cultured cells of bromegrass. Thus, it is likely that the ABA-induced development of freezing tolerance in plant cultured cells may share, at least to some ex-708 ABA-induced plasma membrane polypeptide tent, a common mechanism with the development of desiccation tolerance, in particular in seed embryos during the late stage of embryogenesis. According to Dallaire et al. (1994) , embryonic calli from winter wheat cv. Frederick, developed a high degree of freezing tolerance upon treatment of ABA under normal growth conditions. They analyzed the ABA-induced expression of a family of soluble proteins (WCS 120) that have been shown to be closely associated with the development of freezing tolerance in intact seedling. However, it is still not clear whether the molecular components of the plasma membrane in the wheat cultures are also altered during ABA-induced development of freezing tolerance.
With respect to ABA-induced development of freezing tolerance in wheat cultured cells, we are particularly interested in determining whether ABA can induce alterations in plasma membrane proteins in the same way as in seedlings of winter wheat during cold acclimation. In the present study, we focused our attention on the mechanism of the ABA-induced development of freezing tolerance in suspension-cultured cells of cold-hardy winter wheat (Triticum aestivum L. cv. Chihoku), with special emphasis on alterations in plasma membrane proteins. We report the ABA-induced accumulation of 19-kDa polypeptides in plasma membranes from suspension-cultured cells of wheat that acquired a significant level of freezing tolerance by ABA treatment. The cDNA encoding the 19-kDa polypeptide (AWPM-19) was isolated, and its deduced amino acid sequence and molecular property are described.
Materials and Methods
Plant material-Suspension-cultured cells derived from immature embryos of winter wheat (Triticum aestivum L. cv. Chihoku) were kindly supplied by the Hokkaido Green-Bio Institute, Naganuma, Hokkaido, Japan. Stock cultures were grown in 50 ml of liquid LS medium (Linsmaier and Skoog 1965; pH 5.7) at 26°C in 200-ml Erlenmeyer flasks on a reciprocating shaker (90 cycles min" 1 ) under continuous illumination with fluorescent light (24^mol m~2 s~'). The culture medium was supplemented with 9 fiM 2,4-D. The stock cultures were maintained by subculturing at weekly intervals.
Treatment with ABA-After culture for 7 d, cells were collected by filtration on a single layer of Miracloth (Calbiochem), and aliquots of approximately 1 g FW of cells were transferred to 50 ml of fresh LS medium that contained ABA (Sigma, St. Louis, MO, U.S.A.) at various concentrations. Culture was continued at 23 °C in darkness for various periods. All procedures were performed under sterile conditions.
Measurement of freezing tolerance-After culture in the presence or absence of ABA, cells were filtered through Miracloth and washed thoroughly with distilled water. After blotting of cells on filter paper, 200-mg (fresh weight) aliquots of cells were placed in test tubes and 50 fi\ of distilled water was added. The test tubes were placed in a programmable freezer at -3°C and freezing was initiated by inoculation with small pieces of ice. The samples were kept frozen at -3 C C overnight, and then they were cooled further at a rate of 2.5°C per h. During cooling, samples were withdrawn at intervals of 2.5°C and thawed slowly in air at 4°C in darkness. After thawing, 5-ml of distilled water was added to each test tube and the cells were incubated at room temperature in darkness with gentle shaking. After incubation for 3 h, cells were pelleted by centrifugation at 600 xg for 15min, and the conductivity of each supernatant was measured with an electro-conductivity meter. Freezing tolerance was expressed in terms of LT 50 , the temperature that results in 50% leakage of total electrolytes, as compared to leakage from cells that had been killed by direct freeze-thawing in liquid nitrogen.
Isolation of plasma membrane-enriched fraction-The fractions enriched in plasma membranes were isolated from wheat suspension-cultured cells by sucrose density gradient centrifugation. Cell samples (10 to 20 g FW) were homogenized in two volumes of homogenizing medium (2 ml per g FW) in a glass homogenizer. The homogenizing medium consisted of 250 mM sucrose, 50 mM Tris-HCl (pH7.6), 1.5% (w/v) polyvinylpirrolidone (mol wt 24,500), 2 mM EGTA, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 mM potassium metabisulfite, 10/igml"' BHT, and 1 mM DTT. After filtration of the brei through two layers of Miracloth, the filtrate was subjected to a differential centrifugation to yield a crude microsomal fraction as described by Uemura and Yoshida (1984) . The crude microsomal fraction was suspended in approximately 2 ml of 250 mM sucrose, 20 mM HEPES-BTP (pH 7.3) and 2 mM DTT in a Teflon homogenizer. An aliquot of the membrane suspension (1.5 ml) was loaded onto a sucrose step-gradient [3 ml of 33% (w/w), 2.5 ml of 39% (w/w) and 1.5 ml of 45% (w/w) sucrose in 20 mM HEPES-BTP (pH 7.3) and 2 mM DTT]. After centrifugation at 156,000xg for 90 min, the band of material at the interface between the layers of 39% (w/w) and 45% (w/w) sucrose was collected. This membrane fraction was relatively enriched in plasma membrane as assessed by the distribution of activities of vanadate-sensitive H + -ATPase (plasma membrane), nitrate-sensitive H + -ATPase (vacuolar membrane), antimycin A-insensitive NADH Cyt c reductase (the endoplasmic reticulum) and Cyt c oxidase (mitochondrial inner membrane) (data not shown). The resultant membrane pellet was resuspended in an appropriate volume of buffer solution [250 mM sorbitol, 20 mM HEPES-BTP (pH7.3), 2mM DTT], and stored at -80°C until use.
Purification of 19-kDa plasma membrane polypeptide-A suspension of plasma membranes was supplemented with NaCl and DTT to final concentrations of 200 mM and 5 mM, respectively. The membrane suspension was then sonicated for 5 s, incubated at 2°C for 30 min, and sonicated again. The suspension of the membrane sample was then centrifuged at 150,000 x g for 30 min, and the resultant pellet was suspended in 20 mM Tris-HCl (pH 7.5), 1 mM EDTA, 2 mM DTT (TE buffer). Triton X-100 was added to the membrane suspension to a final concentration of 1% (v/v), and the cocktail was stirred at 2°C for 2 h. The suspension was again centrifuged at 150,000 x g for 30 min, then the resultant pellet was solubilized in SDS-lysis buffer containing 20 mM TrisHCl (pH 6.8), 2% (w/v) SDS, 10% (v/v) 2-mercaptoethanol, 30% (v/v) glycerol and 0.01% (w/v) bromophenol blue. The mixture was heated at 70°C for 10 min and centrifuged at 14,000xg for 10 min to remove insoluble materials.
The solubilized Triton X-100-insoluble polypeptides were applied to a preparative gel electrophoresis system (Prep Cell Model 491; Bio-Rad, Hercules, CA, U.S.A.) and fractionated on a polyacrylamide gel 13% (w/v) column. Electrophoresis was performed according to the standard method (Laemmli 1970) . The polypeptides eluted from the end of the gel column were collected as 1-ml aliquots via a peristaltic pump operated at a flow rate of 0.5 ml per min. The samples that contained 19-kDa polypeptides were pooled and concentrated in a Centricon 10 system (Amicon, MA, U.S.A.), and then subjected to Tricine-SDS-PAGE by the method of Schagger and von Jagow (1987) for further purification. A 10% T, 3% C gel (Tricine gel) was used as a separating gel, and it was overlaid with a 4% T, 3% C gel as a stacking gel. The letters T and C denote the total percentage concentration of monomers and the percentage concentration of the crosslinker relative to the total concentration T, respectively. After electrophoresis, the Tricine gels were stained with Coomassie Brilliant Blue R-250 (CBB). The bands of the polypeptides with an apparent molecular mass of 15.5 kDa (Fig.4A , indicated by arrow) was excised from the Tricine gels and polypeptides were recovered by electroelution in a Maxyield-NP system (model AE-6580; ATTO, Tokyo, Japan).
Amino acid analysis-The eluted polypeptide was blotted onto a polyvinylidene difluoride (PVDF) membrane (Bio-Rad) using Bio-Dot (Bio-Rad). The PVDF membrane was stained for 1 min in a solution of 50% methanol and 10% acetic acid containing 0.025% (w/v) CBB. Then the menbrane was washed in a solution of 50% methanol and for 10 min, and washed twice in distilled water for 5 min. After drying the membrane for 1 h at room temperature, the excised membrane spot of the polypeptide was subjected to amino acid sequence analysis. Amino-terminal sequence of the polypeptide was determined by Edman degradation in a gas phase sequencer (model PPSQ-10; Shimadzu, Kyoto, Japan).
One-dimensional SDS-polyacrylamide gel electrophoresis-SDS-PAGE was conducted by the procedure described by Laemmli (1970) . Samples of plasma membranes were solubilized in SDS-lysis buffer as described above. The samples were heated at 70°C for 10 min and centrifuged at 14,000 xg for 10 min to remove insoluble materials. Electrophoresis was performed on a 13% acrylamide gel at a constant current of 20 mA. After electrophoresis, the gel was fixed in a solution of 50% methanol and 10% acetic acid, and polypeptides were stained with either silver (Oakley et al. 1980) or CBB.
Quantitation of protein-Protein was quantitated by the method of Bradford (1976) with bovine serum albumin as the standard.
Construction ofthecDNA library-Total RNA was prepared from wheat suspension-cultured cells treated with 50 ftM ABA for 3 d (Verwoerd et al. 1989) , and poly (A + )RNA was isolated using the oligo(dT)-cellulose column (Sambrook et al. 1989 ). The cDNA library was constructed in Uni-ZAP vector (Stratagene, La Jolla, CA, U.S.A.) according to the instructions provided by the manufacture.
Polymerase chain reaction-To obtain the cDNA fragment corresponding to the N-terminal 36 amino acid residues of the 19-kDa polypeptide, PCR was performed using total RNA isolated from the cells treated with 50/iM ABA for 3 d. To obtain the full-length cDNA clone, PCR was performed using the cDNA library prepared from wheat suspension-cultured cells with the WP-1 gene specific primers and T3/T7 vector primers. The PCR mixture contained 1 fil of the cDNA library (1 x 10 7 pfu), 200MM dNTPs, 1.5 mM MgCl 2 , 1 xPCR buffer, 1 unit Taq polymerase, and 50 pmol of oligonucleotide primers in a 50 fil reaction volume. The oligonucleotide 5-GATTCAAGCT-TGCGAAGCCGATG-3' corresponding to amino acids IGFAS and T3 primer were used for 5' amplification, and the oligonucleotide 5'-GTGCGGATCCTCATCATGTACATCGTC-3' corresponding to amino acids LIMYIV and T7 primer were used for 3' amplification. The cycling profile was 30 cycles of 94°C for 40 s, 42°C for 60 s and 72°C for 60 s. The amplified DNA fragments were subcloned into pBluescript II KS + plasmid and subjected to nucleotide sequencing. Several independent PCR fragments were sequenced. The amplified 5' and 3' PCR fragments were subsequently ligated into one to obtain a clone that covers the fulllength cDNA sequence.
Northern blot analysis-Total RNA was isolated from wheat suspension-cultured cells. The RNA was fractionated by formaldehyde gel electrophoresis (Sambrook et al. 1989) and transferred on to a Hybond-N + membrane (Amersham). Prehybridization and hybridization were performed at 42°C according to standard methods (Sambrook et al. 1989) . The prehybridization solution contained 50% formamide, 5xSSPE, 5 x Denhardt's solution, 0.25% SDS, and 0.25 mg ml" 1 each of calf thymus and herring sperm DNA. The composition of the hybridization solution was identical to the prehybridization solution, except for 0.05 mg ml" 1 each of calf thymus and herring sperm DNA, and 32 P-labeled Cla I fragment containing the 3' untranslated region (UTR) of WPM-1 cDNA as a probe. The 3' UTR probe was preferably used since it gave a lower background on the nylon membrane than the coding region probe. The membrane was washed twice for 20 min in a solution containing 0.2xSSC and 0.1% SDS at 55°C, and exposed to x-ray film.
Results

ABA-induced increase in freezing tolerance-
The application of ABA to winter wheat cells in suspension culture resulted in a remarkable increase in freezing tolerance after culture for 5 or 7 d at 23°C (Fig. 1) . The freezing tolerance was increased as a function of the ABA concentration up to 50 /uM, Control (minus ABA) and lower concentrations of ABA (below 10/JM) resulted in low LT 50 values ( -5 to -10°C). Within the culture periods of between 5 and 7 d, the optimum concentration of ABA for induction of maximum freezing tolerance was 50 fxM. After culture for 5 or 7 d in the presence of 50//M ABA, LT 50 values reached -21.6 and -18.6°C, respectively. The freezing tolerance decreased when the concentration of ABA was above 50//M.
The time course of the increase in freezing tolerance during culture in the presence or absence of ABA was examined. After application of 50//M ABA to the cells in suspension culture, freezing tolerance steadily increased to a maximum level (LT 50 ; -21.6°C) after 5 d at 23°C (Fig. 2, solid  line) . Upon prolonged culture for more than 5 d, freezing u. tolerance was gradually lost, and LT 50 was -12.5°C after two weeks. In the control culture, there was only a slight increase in freezing tolerance from LT S0 of -5°C (zero time) to -8.7°C (5 d). Thereafter, freezing tolerance returned to the original level (Fig. 2, dotted line) . In contrast to the results reported by Chen and Gusta (1983) and Dallaire et al. (1994) , exposure to low temperature failed to induce freezing tolerance in our cultures (data not shown), but the reason for this result is not clear. ABA-induced alteration in plasma membrane proteins -Plasma membrane-enriched fractions were isolated from wheat cultured cells at different times during growth in the presence or absence of 50 fiM ABA, and the polypeptide composition of each fraction was analyzed by SDS-PAGE. During growth in the presence of ABA, the intensity of the band of the 19-kDa polypeptide from the plasma membranes started to increase within 24 h after the initiation of culture (Fig. 3, indicated by arrow) , and it reached a maximum level after 5 d. Thereafter, the intensity of the band gradually decreased with time. By contrast, there was only a slight increase in the intensity of the band of the 19-kDa plasma membrane polypeptide from the cells cultured without ABA. Thus, it appeared that the change in the level of the 19-kDa polypeptide during treatment with ABA was closely correlated with the increase in freezing tolerance. Besides the change in band intensity of the 19-kDa polypeptide, the amount of several other polypeptides (Fig. 3 , indicated by arrowheads) slightly increased during a sevenday culture, regardless of the presence or absence of ABA in the medium. The change in the amount of these polypeptides other than the 19-kDa polypeptide appeared, therefore, to be associated with cell growth. Plasma membraneenriched fractions with a high purity could be isolated from wheat cultured cells by an aqueous two-phase partitioning as reported by Uemura and Yoshida (1984) , although the recovery of the membrane was quite low in comparison with that by the sucrose density gradient centrifugation. The electrophoretic patterns obtained from the plasma membrane-enriched fractions isolated by the phase partitioning method were very similar to those of plasma membraneenriched fraction isolated by sucrose density gradient centrifugation (data not shown). Therefore, it is likely that the ABA-induced 19-kDa polypeptide originates from the plasma membrane. portents-The band of the 19-kDa polypeptide visualized by the silver-staining method appeared to consist of multiple polypeptides with very similar molecular masses (Fig. 3) . After treatment of plasma membranes with 200 mM NaCl and subsequent centrifugation, none of the 19-kDa polypeptide components appeared in the supernatant, suggesting non-ionic binding to the membranes (data not shown). In addition, the 19-kDa polypeptide components were hardly soluble in neutral detergent such as Triton X-100, lysolecithin and octylglucoside, suggesting that the polypeptide components are integral proteins (data not shown). We used a preparative SDS-PAGE system (Prep Cell model 491; Bio-Rad) for the first separation of the 19-kDa polypeptide components (data not shown). The separated 19-kDa polypeptide components were then subjected to Tricine-SDS-PAGE by the method of Schagger and von Jagow (1987) to achieve further separation of each polypeptide component. As shown in Fig.4A , Tricine-SDS-PAGE system has revealed that the 19-kDa polypeptide components are composed of one major band of a polypeptide with an apparent molecular mass of 15.5 kDa (indicated by arrow) and at least four other minor polypeptide bands with apparent molecular masses of 17-20 kDa. The band of the ABA-inducible major polypeptide component was excised from the Tricine gel and electroeluted. The eluted polypeptide was then subjected to SDS-PAGE as described by Laemmli (1970) . After electrophoresis and silver-staining, a single band of a 19-kDa polypeptide was visible on the gel (Fig. 4B, lane 2) , as compared with the broad band of 19-kDa polypeptide components that had been generated by the preparative SDS-PAGE system (Fig.4B, lane 1) . . The reason for the different mobility of the 19-kDa polypeptide components on different gel-electrophoresis systems, in particular that of the major polypeptide component (Fig. 4A , indicated by arrow), is not clear. The ABA-induced major component of the 19-kDa polypeptide is designated as AWPM-19 (ABA-induced wheat plasma membrane polypeptide). The purified AWPM-19 polypeptide was subjected to N-terminal amino acid sequencing, and the thirty-six N-terminal amino acid sequence was determined (Fig. 5 ).
Further purification of the 19-kDa polypeptide com-
Cloning and analysis of cDNA encoding A WPM-19 -Degenerate oligonucleotide primers synthesized on the basis of the amino acid sequences AGVGRNMV and WNLNHFI were used for PCR to amplify the partial cDNA fragment of AWPM-19. The amplified fragment of 113 bp in length (WP-1) was cloned in a plasmid vector and the nucleotide sequence was determined. The deduced amino acid sequence of WP-1 was identical to the N-terminal 34 amino acid residues of AWPM-19, indicating that WP-1 is a part of the cDNA encoding AWPM-19. By PCR using gene specific primers of WP-1 and AZAP vector primers, a DNA fragment that covers the full-length clone was obtained from the cDNA library of the ABA-treated A l a -G l y -V a l -G l y -A r g -A s n -M e t -V a l -A l a -P r oLeu-Leu-Val-Leu-Asn-Leu-lie-Met-Tyr-lieVal-Val-Ile-Gly-Phe-Ala-Ser-Trp-Asn-LeuAs n-H i s-Phe-I le-As n-Gly (Fig. 7A) . cDNA (WPM-1) encoded a polypeptide of 182 amino acid
The C-terminal 41 amino acid region of WPM-1 was less hyresidues (Fig. 6) .
drophobic, or even hydrophilic, compared to the other Sequence analysis revealed that the WPM-1 gene proregions, and was rich in glycine residues. These features induct (WPM-1) has a very hydrophobic amino acid profile dicate that WPM-1 is largely integrated in the membrane, that suggests a membrane protein. Of the 181 amino acids leaving a short C-terminal tail outside (Fig. 7B) . WPM-1 apof WPM-1, 124 amino acids are hydrophobic residues. The parently has no N-terminal signal sequence necessary for hydropathy plot of the WPM-1 amino acid sequence showthe organelle sorting and has a predicted molecular weight ed that it contains four highly hydrophobic regions inof 18.9 kDa. It is interesting that WPM-1 has a RGD motif conserved in fibronectin that is known as one of the extracellular matrix proteins of animal cells (Pierschbacher and Ruoslahti 1984) . Another interesting aspect of WPM-1 is that it has a remarkably basic feature. Namely, the WPM-1 contains 8 arginine, 3 lysine, 8 histidine, and 6 tyrosine residues, and has a calculated isoelectric point of 10.2. GenBank sequence homology search of the WPM-1 product revealed an extensive homology (60.8% identity) to GmPM3, a putative late embryogenesis-abundant (LEA) protein from immature seeds of soybean (Hsing et WPM-1 AGVGRNMVAPLLVLNLIMYIWIGFASWNLNHFINGLTNRPGVGGNGATF 50 * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * GmPM3 ATVGRNVAAPLLFLNLIMYFIVLGFASWCLNRFINGQTYHPSFGGNGATM 50
WPM-1 YFLVFAILAGWGAASKLAGVHHVRTWRGDSLATSASSALVAWAITALAF 100 * * * * * * * * * * * * * * * * * * * * * * * * * *
GmPM3 FFLTFSILAAVLGIVSKLLGGNHMRTWRSDSLASAGATSMVAWAVTALAF 100
WPM-1 GLACKEIHIGGYRGWRLRVLEAFVIILMFTQLLYVLALHSGLFGNQFGNH 150 ***** ** ** ******* *** *** ****** * ** * GmPM3 GLACKQIHLGGHRGWRLRWEAFIIILTFTQLLYLILIHAGLYSSRYGPG 150
WPM-1 AGAGGYGAEHGAYG-AGDPHNKGMGTGGVARV 181 ** ** * *** * * * ** GmPM3 YHDTDYGHGHGVGGTTGDPMHK-PATAG-TRV 180 Fig. 8 Comparison of deduced amino acid sequence of WPM-1 with soybean GmPM3 (Hsing et al. 1995) . Asterisks indicate identical amino acid residues. The amino acid gaps (marked by hyphens) were introduced for maximal alignments. al. 1995, Fig. 8 ). The homology was especially high in the N-terminal hydrophobic region compared to the C-terminal tail.
ABA-induced expression of WPM-1 mRNA-In order to understand the regulation of WPM-1 transcript by ABA, Northern blot analysis was performed using the RNA isolated from the wheat suspension-cultured cells. Treatment of the cells with 50 /xM ABA rapidly induced the expression of WPM-1 mRNA within one hour (Fig. 9A, B) . The expression reached the maximal level at between 3 and 6 h, and declined to a sustained level thereafter. The WPM-1 mRNA accumulation was increased by ABA in a concentration-dependent manner, and the expression was saturated at levels above 50 /uM (Fig. 10) . ABA was effective at as little as lOfiM for WPM-1 mRNA induction at 3 h of treatment, but 50//M ABA was required for sufficient mRNA induction after 1 d.
Discussion
Studies of the mechanism of freezing injury in plants have led to the generally accepted idea that irreversible damage to the plasma membrane is the primary cause of freezing injury (Steponkus 1984, Yoshida and Uemura 1989) . Based on ultrastructural manifestations of the plasma membrane lesion caused by freeze-dehydration (Fujikawa and Steponkus 1990 , Gordon-Kamm and Steponkus 1984 , Fujikawa and Miura 1986 , Fujikawa 1987 ) and the biophysical basis for the dehydration-dependent phase behaviors of membrane lipids (Lynch and Steponkus 1987, Uemura and Steponkus 1994) , Steponkus et al. (1993) have suggested that the mechanism of cold acclimation is dependent mainly on the alterations of lipid composition in the plasma membrane such that the lipid-bilayers are stabilized against freeze-induced dehydration. However, it is possible that plasma membrane proteins also have a role in protecting the lipid-bilayer from freeze-induced damage, although direct evidence of this is quite limited (Straus and Ingenito 1980) . We previously reported that, in seedlings of cold-hardy winter wheat (Triticum aestivum L. cv. Norstar), an increase in the level of plasma membrane polypeptides of low molecular mass, in particular a 18 kDa polypeptide, is closely correlated with the development of freezing tolerance. In addition, freeze-fracture electron microscopy of plasma membranes from shoot cells revealed that the number of intramembrane particles (IMP) on the fracture faces decreased markedly in winter wheat after cold acclimation (Zhou et al. 1994) . From these results, it was thought that a molecular reorganization of plasma membranes as a consequence of changes in both lipid and protein compositions is necessary for cryostabilization of the membrane. It has been reported that levels of several proteins increase and that such proteins are synthesized de novo during the development of freezing tolerance in cell cultures in response to the exogenous application of ABA (Mohapatra et al. 1988 , Reany et al. 1989 , Robertson et al. 1987 ). Many of these proteins appear to be related to the group of late embryogenesis-abundant (LEA) proteins with highly hydrophilic features.
In the present study, we focused our attention on the mechanism of ABA-induced development of freezing tolerance in suspension-cultured cells of winter wheat, with a special emphasis on alterations in plasma membrane proteins. Accumulation of the ABA-induced 19-kDa plasma membrane polypeptide components is closely correlated to the development of freezing tolerance in suspension cultured-cells of winter wheat (Fig. 1, 2, 3) . The 19-kDa polypeptide components were separated into one major polypeptide with an apparent molecular mass of 15.5 kDa and other polypeptides with apparent molecular masses of 17-20 kDa on the Tricine-SDS-PAGE system (Fig. 4) . When total plasma membrane polypeptides from both 5 d cultures with or without 50 /JM ABA were subjected to Tricine-SDS-PAGE system and stained with silver, the intensities of the minor polypeptide bands of 17-20 kDa were almost identical in both ABA-treated or non-treated cultures. However, the major 15.5 kDa polypeptide was not detective in plasma membrane polypeptides from non-treated cultures (data not shown). This suggests that the minor polypeptide bands of 17-20 kDa, which were visible in Tricine-SDS-PAGE system, are not ABA-induced, but the major 15.5 kDa polypeptide is exactly identical to ABA-induced 19-kDa plasma membrane polypeptide .
Sequence analysis of a cDNA (WPM-1) encoding AWPM-19 revealed that AWPM-19 has a highly basic feature, having a calculated isoelectric point of 10.2. Most of the basic amino acid residues are clustered on the less hydrophobic regions, which are presumed to consist of small loop domains (Fig. 7) . The hydrophobic and basic features of the polypeptide suggest that the AWPM-19 is a membrane protein that might be involved in an ionic interaction with other negatively charged substances including proteins, poly-saccharides, phospholipids, or inorganic anions.
The sequence similarity between AWPM-19 and soybean GmPM3 gene product (Fig. 8) suggests that AWPM-19, and presumably its family, is not unique to monocot species but is commonly distributed over a wide range of higher plant species including dicot species. Since the GmPM3 gene has been isolated from developing soybean seeds at the late embryogenesis stage (Hsing et al. 1995) , it is possible that the WPM-1 gene is also expressed in the developing seeds of wheat. Although there is no biochemical information as to the cellular localization of the GmPM3 gene product, our results and an extensive homology between the WPM-1 and GmPM3 genes suggest that the ABA-inducible plasma membrane proteins might take part in the processes necessary for the development of tolerance against physical stress caused by desiccation and freeze-induced dehydration both in seeds and vegetative tissues.
Many of the ABA-responsive genes have been isolated by differential screening or differential display, but their functional significance has not yet been elucidated. We took conventional biochemical approaches to isolate and characterize the ABA-inducible plasma membrane protein, whose expression is closely related to the development of freezing tolerance. The rapid induction of WPM-1 mRNA accumulation in response to ABA treatment (Fig.9A, B) suggests that the WPM-1 gene belongs to the family of ABA-responsive genes. The WPM-1 gene is also expressed in cultured cells of prolonged culture without ABA (Fig. 9A, B) . The expression of the transcript in control cells gradually increased up to two weeks, but the transcript levels were fairly low compared to those in ABAtreated cells (data not shown). This suggests that the accumulation of the transcript is partly dependent on the cell age. The cell age-dependent expression of WPM-1 mRNA in the control culture could be due to an increase in the endogenous ABA level in response to deprivation of nutrient factors. The expression of the transcript at the zero time of ABA-treatment is most likely caused by a carry-over of cell inoculum into fresh culture medium, since the level of mRNA rapidly declined thereafter and disappeared within several hours after the cell transfer.
During cold acclimation of seedlings of Chihoku cultivar, an 18 kDa polypeptide was observed to accumulate at an elevated level in plasma membranes of shoots as reported in winter wheat seedlings of Norstar cultivar (Zhou et al. 1994) . Interestingly, the 18 kDa polypeptide does not accumulate in less-hardy spring wheat, which suggests that the gene encoding the 18 kDa polypeptide is genetically linked to the hardy variety. However, we have not yet determined whether the cold-induced 18 kDa plasma membrane polypeptide in intact seedlings is identical or closely related to ABA-inducible AWPM-19 polypeptide in suspension-cultured cells. To resolve this issue, and to understand the crucial role of these plasma membrane polypeptides in terms of cry ©stabilization, further detailed biochemical and molecular biological studies are in progress in our laboratory.
